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/ Manufacture the first layer, the first layer including at least a ™
- steel layer and may further include an intermediate layer of
nickel, nickel alloy, chromium, or chromium alloy

1304 - e firct | includi
T Connect the first layer to a second layer including at least a

. vanadium alloy layer and may further include an intermediate |

\ layer of nickel, nickel alloy, chromium, or chromium alloy so that |

- the final product is a wall element having an exterior-facing steel |

. layer on one side and an exterior-facing vanadium layer on the |
other side

F1G. 13
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1602 =~

Aanufacture the initial com ponent (i.e., the outer steel layer,
| middle layer if a three layer cladding, or the fuel-side vanadium or |
| vanadium alloy layer) of the cladding

1604 N eeeoeesoesetessees oottt
. Attach the second layer on the initial component to create a two- |
. layer intermediate element

3 layer cladding

2 layer cladding

1606

For three layer cladding embodiments, attach the third layeron |
the two-layer intermediate element 1o create a three-layer ;

Jobs ™~

Work and process cladding into final form

1610 .
Assembie the cladding and nuclear material to create the \
completed fuel element '

FIG. 16
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STEEL-VANADIUM ALLOY CLADDING FOR
FUEL ELEMENT

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application 1s a continuation-in-part applica-
tion of U.S. Non-provisional patent application Ser. No.
15/623,119, filed Jun. 14, 2017, now U.S. Pat. No. 10,109,
382, which claims the benefit of U.S. Provisional Patent
Application No. 62/458,377, titled “STEEL-VANADIUM
ALLOY CLADDING FOR FUEL ELEMENT”, filed Feb.
13, 2017.

INTRODUCTION

When used in nuclear reactors, nuclear fuel 1s typically
provided with cladding. The cladding may be provided to
contain the fuel and/or to prevent the fuel from interacting
with an external environment. For example, some nuclear
tuels are chemically reactive with coolants or other materials
that may otherwise come 1n contact with the nuclear fuel
absent the cladding to act as a separator.

The cladding may or may not be a structural element. For
example, 1n some cases the nuclear fuel 1s a solid structural
clement, e.g., a solid rod of uranium metal or uranium
dioxide, and the cladding 1s essentially a coating applied to
the surface of the solid fuel. In other cases, nuclear fuel may
be 1n a liquid form, powder form, or aggregate form, e.g.,
pellets or grains, that may require containment 1n a structural
cladding. In any case, the cladding may take the form of a
tube, box, or vessel within which the fuel 1s placed. The fuel
and cladding combinations are often referred to as a “fuel
clement”, “fuel rod”, or a “fuel pin”.

Fuel clad chemical interaction (FCCI) in metallic fuel
systems refers to the degradation of fuel elements due to the
chemical reaction between the fuel and clad components.
The chemical interaction 1s due, at least i part, to multi-
component interdiffusion of species from the cladding into
the fuel and vice versa. Specifically, diffusion couple and
irradiation experiments both demonstrate migration of clad
components (iron and nickel) into the fuel, while {fission
products (primarily the lanthanides like cerium, neo-
dymium, and praseodymium) diffuse outward 1nto the clad.

FCCI leads to two primary concerns: reduction of clad
mechanical properties from formation of brittle intermetallic
compounds and wastage/thinning of the cladding, and for-
mation of relatively low melting compositions within the
fuel and clad interface. These concerns ultimately aflect
performance limits for the fuel system, with the peak inner
clad temperature (PICT) being influenced by the low melt-
ing point (725° C.) of the uranium-1ron eutectic that forms
at 33 at % Fe. Additionally, the few occurrences of cladding
breaches 1n the fueled region of rods wrradiated 1n EBR-II
exhibited extensive FCCI adjacent to the breach locations
(max penetrations up to 170 um into the clad), implicating
FCCI as a primary contributor to these breaches.

Although sodium-bonded metal fuel pins have been 1rra-

diated to peak burnups up to 20 at % with manageable
amounts of FCCI, these iwrradiations typically were per-
formed over the course of two to four years. Beyond the
higher peak burnups (30 at %) required for a traveling wave
reactor (TWR) application, the extended service time at
temperature greatly compounds the concerns of degradation

due to FCCI.

BRIEF DESCRIPTION OF THE DRAWINGS

The following drawing figures, which form a part of this
application, are illustrative of described technology and are
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2

not meant to limit the scope of the invention as claimed in
any manner, which scope shall be based on the claims
appended hereto.

FIG. 1 1llustrates a cut away view of a linear section of
cladding, or wall element, showing the two-layer construc-
tion of a cladding having a structural outer layer.

FIG. 2 1llustrates a tubular embodiment of the cladding of
FIG. 1.

FIG. 3 illustrates the wall element of FIG. 1 1n contact
with nuclear material.

FIG. 4 1llustrates a tubular embodiment of the cladding of
FIG. 2 with nuclear material contained within the tubular
cladding.

FIG. 5 illustrates a cut away view of a linear section of
cladding, or wall element, showing the two-layer construc-
tion of a cladding having a structural inner vanadium alloy
layer.

FIG. 6 1llustrates a tubular embodiment of the cladding of
FIG. 5.

FIG. 7 illustrates the wall element of FIG. 5 1n contact
with nuclear material.

FIG. 8 1llustrates a tubular embodiment of the cladding of
FIG. 6 with nuclear material contained within the tubular
cladding.

FIG. 9 illustrates a cut away view of a linear section of
another embodiment cladding, or wall element, having a
three-layer construction.

FIG. 10 1illustrates a tubular embodiment of the cladding
of FIG. 9.

FIG. 11 1llustrates the wall element of FIG. 9 in contact
with nuclear material.

FIG. 12 1illustrates a tubular embodiment of the cladding
of FIG. 10 contaiming nuclear material in the hollow center
of the tube.

FIG. 13 illustrates a method of manufacturing a two or
three layer wall element for separating a nuclear material
from an external environment, such as those described
above.

FIGS. 14a and 145 1llustrate a nuclear fuel assembly and
details of a fuel element.

FIGS. 15A and 15B are micrographs of a trimetallic
cladding having an intermediate layer of Ni electroplated to

a first layer of vanadium doped with carbon on one side and
a second layer of HT9 steel on the other.

FIGS. 15C and 15D show the chemical composition
mapping for the trimetallic claddings of FIGS. 15A and 15B.

FIG. 16 illustrates at a high-level an embodiment of a
method for manufacturing the claddings described above.

FIG. 17 1llustrates an embodiment of the working opera-
tion 1608 of FIG. 16.

FIG. 18 illustrates an alternative embodiment of the
working operation 1608 of FIG. 16.

FIG. 19 illustrates yet another alternative embodiment of
the working operation 1608 of FIG. 16.

DETAILED DESCRIPTION

This disclosure describes various configurations and com-
ponents for bimetallic and trimetallic claddings for use as a
wall element separating nuclear material from an external
environment. The cladding materials are suitable for use as
cladding for nuclear fuel elements, particularly for fuel
clements that will be exposed to sodium or other coolants or
environments with a propensity to react with the nuclear

fuel.
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Two Layer Steel-Vanadium Alloy Claddings
Structural Steel Layer with Carbon-Doped Vanadium Liner

FIG. 1 illustrates a cut away view of a linear section of
cladding, or wall element, showing the two-layer construc-
tion of the cladding. The cladding 100 may be part of any
structural component that separates nuclear fuel from a
reactive, external environment. For example, the cladding
100 may be part of a wall of a tube containing nuclear fuel,
a vessel or any other shape of storage container. In an
alternative embodiment, rather than being a section of wall
of a container, the cladding may be the resulting layers on
the surface of a solid nuclear fuel created by some deposition
or cladding technique. These techniques, such as electro-
plating, thermal spray coating, chemical vapor deposition,
sputtering, 1on implantation, 10n plating, sputter deposition,
laser surface alloying, hot dipping, and annealing to name
but a few, are well known 1n the art and, depending on the
desired end cladding properties, any suitable technique may
be used.

Regardless of the manufacturing technology used, the
cladding 100 shown i FIG. 1 consists of two layers 102,
104 of material: a first layer 102 and a second, structural,
layer 104 that 1s the structural element of the cladding. The
first layer 102 separates the fuel, or the storage area where
the tuel will be placed 11 the fuel has not been provided yet,
from the structural layer 104. The first layer 102 acts as a
liner that protects the structural layer 104 from contact with
the fuel. The second layer 104 1s between the first layer 102
and the external environment. Thus, the first layer 102 1s a
layer of material with one surface exposed to the fuel and the
other surface exposed to the second layer 104 while the
second layer 104 has a first-layer-facing surface and a
surface exposed to the external environment.

The cladding 100 1llustrated 1n FIG. 1 has a first layer 102
ol a matenal selected to reduce the efiects of FCCI on both
the properties of the first layer 102 and the stored fuel and
also selected to reduce the effects of detrimental chemical
interactions between the second layer 104 and first layer
102. In an embodiment, the first layer 102 1s carbon-doped
vanadium and the second layer 1s a steel. To reduce the
interaction between the steel and the carbon-doped vana-
dium layers, 1n an embodiment the carbon-doped vanadium
1s doped with at least 0.001 wt. % (10 ppm) carbon. This will
reduce the amount of decarburization observed 1n the steel
and reduce the degradation of the steel while 1n use as a fuel
clement.

In an embodiment the carbon-doped vanadium 1s a vana-
dium carbon alloy consisting of at least 99.0 wt. % V;
0.001-0.5 wt. % C; with the balance other elements, wherein
the carbon-doped vanadium includes not greater than 0.1 wt.
% of any one of the other elements, and wherein the total of
the other elements does not exceed 0.5 wt. %. In more pure
embodiments, the total of the other elements (1.e., the total
of the composition that 1s not V or C) does not exceed 0.05,
0.025, or 0.01 wt. % of the alloy. In one specific embodi-
ment, for example, the carbon range 1s from 0.1 to 0.3 wt.
% C, the total of the other elements (everything that 1s not
V or C) combined 1s less than 0.5 wt. %, and the balance 1s
V. In another specific embodiment, for example, the carbon
range 1s from 0.1 to 0.3 wt. % C, the total of the other
clements (everything that 1s not V or C) combined 1s less
than 0.1 wt. %, and the balance 1s V.

The steel layer 104 may be any suitable steel. Examples
of suitable steels include a martensitic steel, a ferritic steel,
an austenitic steel, a FeCrAl alloy, an oxide-dispersion
strengthened steel, T91 steel, T92 steel, H19 steel, 316 steel,
and 304 steel. The steel may have any type of microstruc-
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ture. For example, in an embodiment substantially all the
steel 1n the layer 104 has at least one phase chosen from a
tempered martensite phase, a ferrite phase, and an austenitic
phase. In an embodiment, the steel 1s an HT9 steel or a
modified version of HT9 steel.

In one embodiment, the modified HT9 steel 1s 9.0-12.0
wt. % Cr; 0.001-2.5 wt. % W; 0.001-2.0 wt. % Mo;
0.001-0.5 wt. % S1; up to 0.5 wt. % T1; up to 0.5 wt. % Zr;
up to 0.5 wt. % V; up to 0.5 wt. % Nb; up to 0.3 wt. % Ta;
up to 0.1 wt. % N; up to 0.3 wt. % C; and up to 0.01 wt. %
B; with the balance being Fe and other elements, wherein the
steel includes not greater than 0.15 wt. % of each of these
other elements, and wherein the total of these other elements
does not exceed 0.35 wt. %. In other embodiments, the steel
may have a narrower range of S1 from 0.1 to 0.3 wt. %. The
steel of the steel layer 104 may include one or more of
carbide precipitates of Ti, Zr, V, Nb, Ta or B, nitride
precipitates of Ti, Zr, V, Nb, or Ta, and/or carbo-nitride
precipitates of T1, Zr, V, Nb, or Ta.

FIG. 2 illustrates a tubular embodiment of the cladding of
FIG. 1. In the embodiment shown, the wall element 200 1s
in the form of a tube with an interior surface and an exterior
surface, the first layer 202 of carbon-doped vanadium form-
ing the interior surface of the tube and the second layer 204
of steel forming the exterior surface of the tube. The tuel
storage region 1s 1n the center of the tube. Fuel within the
tube 1s thus protected from the reactive external environment
at the same time the steel layer 104 1s separated from the
tuel.

The general term wall element 1s used herein to acknowl-
edge that a tube, vessel or other shape of container may have
multiple different walls or sections of a wall of the cladding
100 as illustrated 1n FIG. 1. That 1s, the container has a shape
that 1s defined by one or more continuously connected wall
elements to form a vessel. However, embodiments of clad-
dings include those that have one or more wall elements that
are constructed of materials that are not the cladding 100 as
illustrated in FIG. 1 as well as wall elements of the cladding
100. For example, a tube may have a cylindrical wall
clement of the cladding 100 described 1n FIG. 1 and FIG. 2
but have end walls of a diflerent construction. Likewise, a
cube-shaped fuel container may have sidewalls and a bottom
wall constructed as shown 1n FIG. 1, but a top of different
construction.

FIG. 3 1llustrates the wall element of FIG. 1, but this time
with nuclear material 310, including but not limited to
nuclear fuel, 1n contact with the carbon-doped vanadium
layer 302. The steel layer 304 may be any thickness (i.e., the
shortest distance between the exterior surface of the steel
layer 304 that 1s exposed to the reactive environment and the
vanadium layer 302) as necessary to provide the strength
properties desired for the cladding. The carbon-doped vana-
dium layer 302 may have a thickness from that of a thin
coating (0.1% of the thickness of the structural layer 304) up
to 50% of the thickness of the structural layer 304. For
example, embodiments of the carbon-doped vanadium layer

have a thickness, as a percentage of the steel layer’s thick-
ness, of between any of 0.1%, 0.5%, 1.0%, 2.5%, 5%, 10%,

15%, 20% and 25% on the low end up to 5%, 10%, 15%.,
20%, 25%, 30%, 35%, 40%, 45% and 50% on the high end.
Embodiments of the wall elements include the ranges that
are any combination of the upper and lower limits provided
above. For example, the above specifically includes embodi-
ments of carbon-doped vanadium layers having ranges from
1-5%, from 0.1-10%, from 20-45%, and from 0.1-50% of

the thickness of the steel layer. However, regardless of the
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thickness of the carbon-doped vanadium layer the primary
structural element of the wall element 300 1s the steel layer
304.

FIG. 4, likewise, illustrates a tubular embodiment of the
cladding of FIG. 2, but this time with nuclear material 410,
including but not limited to nuclear fuel, 1n the hollow center
of the tube 400. The steel layer 404, again, may be any
thickness as necessary to provide the strength properties
desired for the cladding. The carbon-doped vanadium layer
402 may have a thickness from that of a thin coating (0.1%
of the thickness of the structural layer 404) up to 50% of the
thickness of the structural layer 404. However, regardless of
the thickness of the carbon-doped vanadium layer the pri-
mary structural element of the wall element 400 1s the steel
layer 404.

In an alternative embodiment, the claddings shown in
FIGS. 1-4 may be provided with a third, intermediate layer
between the steel structural layer and the carbon-doped
vanadium layer to further reduce interaction between the
steel and the carbon-doped vanadium. Embodiments of
suitable intermediate layers are described below with refer-
ence to FIGS. 9-12.

For the purposes of this application, nuclear material
includes any material containing an actinide, regardless of
whether 1t can be used as a nuclear fuel. Thus, any nuclear
fuel 1s a nuclear matenial but, more broadly, any matenals
containing a trace amount or more of U, Th, Am, Np, and/or
Pu are nuclear materials. Other examples of nuclear mate-
rials include spent fuel, depleted uranium, yellowcake, ura-
nium dioxide, metallic urantum with zircomum and/or plu-
tonium, thorium dioxide, thorianite, uranium chloride salts
such as salts contaiming uramium tetrachloride and/or ura-
nium trichloride.

Nuclear fuel, on the other hand, includes any fissionable
material. Fissionable material includes any nuclide capable
of undergoing fission when exposed to low-energy thermal
neutrons or high-energy neutrons. Furthermore, fissionable
material includes any fissile matenial, any fertile material or
combination of fissile and fertile materials. A fissionable
material may contain a metal and/or metal alloy. In one
embodiment, the fuel may be a metal fuel. It can be
appreciated that metal fuel may offer relatively high heavy
metal loadings and excellent neutron economy, which 1s
desirable for breed-and-burn process of a nuclear fission
reactor. Depending on the application, fuel may include at
least one element chosen from U, Th, Am, Np, and Pu. In
one embodiment, the fuel may include at least about 90 wt.
% U—e.g., at least 95 wt. %, 98 wt. %, 99 wt. %, 99.5 wt.
%, 99.9 wt. %, 99.99 wt. %, or higher of U. The fuel may
turther include a refractory material, which may include at
least one element chosen from Nb, Mo, Ta, W, Re, Zr, V, 11,
Cr, Ru, Rh, Os, Ir, and Hf. In one embodiment, the fuel may
include additional burnable poisons, such as boron, gado-
lintum, or indium. In addition, a metal fuel may be alloyed
with about 3 wt. % to about 10 wt. % zirconium to
dimensionally stabilize the fuel during irradiation and to
inhibit low-temperature eutectic and corrosion damage of
the cladding.

Examples of reactive environments or materials from
which the nuclear material 1s separated from include reactor
coolants such as NaCl-—Mg(Cl,, Na, NaK, supercritical CO.,
lead, and lead bismuth eutectic.

Structural Vanadium Alloy Layer with Steel Liner

FIG. § illustrates a cut away view of a linear section of
cladding, or wall element, showing the two-layer construc-
tion of a cladding having a structural vanadium alloy inner
layer. Again, the cladding 500 may be part of any structural
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component that separates nuclear fuel from a reactive,
external environment. For example, the cladding 500 may be
part of a wall of a tube containing nuclear fuel, a vessel or
any other shape of storage container. In an alternative
embodiment, rather than being a section of wall of a
container, the cladding may be the resulting layers on the
surface of a solid nuclear fuel created by some deposition or
cladding technique. These techniques, such as electroplat-
ing, thermal spray coating, chemical vapor deposition, sput-
tering, 10n implantation, 10n plating, sputter deposition, laser
surface alloying, hot dipping, and annealing to name but a
tew, are well known 1n the art and depending on the desired
end cladding properties any suitable technique may be used.

Regardless of the manufacturing technology used, the
cladding 500 shown in FIG. 5 consists of two layers 502,
504 of material. The first layer 502 1s the primary structural
clement of the cladding and separates the fuel, or the storage
areca where the fuel will be placed 1f the fuel has not been
provided vyet, from the second layer 504. The second layer
504 1s between the first layer 502 and the external environ-
ment. Thus, the first layer 502 1s a layer of material with one
surface exposed to the fuel and the other surface exposed to
the second layer 504 while the second layer 504 has a
first-layer-facing surface and a surface exposed to the exter-
nal environment.

Similar to the cladding described above with reference to
FIGS. 1-4, the cladding 500 illustrated 1n FIG. 5 has a first
layer 502 of a material selected to reduce the effects of FCCI
on both the structural properties of the first layer 502 and the
stored fuel and also selected to reduce the effects of detri-
mental chemical interactions between the second layer 504
and first layer 502.

In an embodiment, the first layer 502 1s a vanadium alloy
containing at least 90% V and the second layer 504 1s a steel.
Vanadium alloys that may be used in the first layer 502
include without limitation vanadium carbon alloys, V-20Tx,
V-10Cr-5T1, V-15Cr-5T1, V-4Cr-4T1, V-4Cr-4T1 NIFS Heats
1 & 2, V-4Cr-4T1 US Heats 832665 & 8923864, and
V-4Cr-41T1 Heat CEA-J57. In an embodiment, the vanadium
alloy consists of 3.0-5.0 wt. % Cr; 3.0-5.0 wt. % '11; and no
more than 0.02 wt. % C; with the balance being V and other
clements, wherein the vanadium alloy includes not greater
than 0.1 wt. % of each of these other elements, and wherein
the total of these other elements does not exceed 0.5 wt. %.
This punity requirement may require special refining of the
V and 11, such as double- or triple-melting of the T1 or
clectro-refining of the V. In more pure embodiments, the
total of these other elements does not exceed 0.4, 0.25, or
even 0.1 wt. % of the alloy. The carbon range, depending on
the embodiment, may be from 0.0001 to 0.02 wt. % C. The
vanadium alloy may include one or more carbide precipi-
tates of Cr, T1 and/or other elements.

One particular V-4Cr-41T1 embodiment 1s provided in
TABLE 1, below.

TABLE 1
Element Wt. Fraction
V Bal.
Cr 3.5-4.5
T1 3.5-4.5
Sl 400-1000 ppm
O <200 ppm
N <200 ppm
C <200 ppm
Al <200 ppm
Fe <200 ppm
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TABLE 1-continued

Element Wt. Fraction
Cu <10 ppm
Mo <10 ppm
Nb <10 ppm
P <10 ppm
S <10 ppm
Cl <2 ppm
Total of <100 ppm
all other and not greater
elements than 0.001 wt.

% of any one

of the other

clements.

For the embodiment shown in TABLE 1, one suitable
manufacturing process 1s as follows. The source of raw
materials may be 1odide or electro-refined vanadium with
low 1impurity content and, 1n an embodiment, the calcium-
reduction process 1s not used to obtain the vanadium. In an
embodiment, the titanium source does not mclude sponge
titanium 1n order to reduce Cl, K, and Na impurities and
double- or triple-melting of the titamum feedstock 1s to be
performed to achieve the necessary purity level. The V-4Cr-
4’11 may be melted using an appropriate method such as laser
beam melting, vacuum arc melting, or cold cathode induc-
tion melting, 1n order to prevent contamination. The 1ngot 1s
then homogenized to reduce local inhomogeneity of Cr and
T1 to <+/-0.3 wt. %. The subsequent ingot 1s then encap-
sulated 1n stainless steel and extruded or hot worked at a
temperature from 1100-1300° C. and subsequently warm-
rolled at a temperature from 300-900° C. to the final billet
s1ze required for bimetallic cladding tube fabrication. One or
more intermediate anneals during hot work may be per-
formed at 800-1200° C. for up to three hours 1n a vacuum
furnace. One or more similar anneals may be performed as
part of any cold work processing. The anneals during cold
work may involve a sequence of anneals from 900-1000° C.
(e.g.,at 950x£10° C.) to soften the vanadium followed by one
or more anneals from 700-780° C. to transform the HT9
from martensite to ferrite. Final heat treatment of the bime-
tallic cladding tube product 1s performed at 1075£10° C. for
20 minutes with an air cool to room temperature followed by
650-700° C. for 1-3 hours and a rapid cooling rate.

The steel layer 504 may be any suitable steel as described
above with reference to FIGS. 1-4. For example, in one
embodiment the steel 1s the modified HT9 steel having
9.0-12.0 wt. % Cr; 0.001-2.5 wt. % W; 0.001-2.0 wt. % Mo;
0.001-0.5 wt. % S1; up to 0.5 wt. % '11; up to 0.5 wt. % Zr;
up to 0.5 wt. % V; up to 0.5 wt. % Nb; up to 0.3 wt. % Ta;
up to 0.1 wt. % N; up to 0.3 wt. % C; and up to 0.01 wt. %
B; with the balance being Fe and other elements, wherein the
steel 1ncludes not greater than 0.15 wt. % of each of these
other elements, and wherein the total of these other elements
does not exceed 0.35 wt. %. In other embodiments, the steel
may have a narrower range of S1 from 0.1 to 0.3 wt. %. The
steel of the steel layer 104 may include one or more of
carbide precipitates of Ti, Zr, V, Nb, Ta or B, mnitride
precipitates of Ti, Zr, V, Nb, or Ta, and/or carbo-nitride
precipitates of 11, Zr, V, Nb, or Ta.

As mentioned above, the vanadium alloy layer 502 1s the
primary structural element of the cladding. That 1s, the
vanadium alloy layer 502 is the layer that provides most of
the solid structure maintaining the shape of the fuel element
and preventing failure of the cladding and release of nuclear
material. The steel layer 504 may be nothing more than a
coating of steel on the external surface of the vanadium alloy
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layer 502. In these embodiments, the vanadium alloy layer
1s at least twice as thick as the steel layer 504. That 1s, the
steel layer 504 may be as little as 0.001% the thickness of
the vanadium alloy layer 502 and up to 50% the thickness of
the vanadium alloy layer 502. In various embodiments, the
steel layer thickness may be from 0.01%, 0.1% or 1% of the
thickness of the vanadium alloy layer 302 and up to 5%,

10%, 15%, 20% or 25% of the thickness of the vanadium
alloy layer 502.

FIG. 6 1llustrates a tubular embodiment of the cladding of
FIG. 5. In the embodiment shown, the wall element 600 1s
in the form of a tube with an interior surface and an exterior
surface, the first layer 602 of vanadium alloy forming the
interior surface of the tube and the second layer 604 of steel
forming the exterior surface of the tube. The fuel storage
region 1s 1n the center region of the tube. Fuel within the tube
1s thus protected from the reactive external environment at
the same time the steel layer 604 1s separated from the fuel.
Again, the general term wall element 1s used heremn to
acknowledge that a tube, vessel or other shape of container
may have multiple different walls or sections of a wall of the
cladding 500 as 1llustrated 1n FIG. 5.

FI1G. 7 illustrates the wall element of FIG. 5, but this time
with nuclear material 710, including but not limited to
nuclear fuel, in contact with the vanadium layer 702. The
steel layer 704, again, may be any thickness from a thin
coating up to 50% of the thickness of the vanadium alloy
structural layer 702.

FIG. 8, likewise, 1llustrates a tubular embodiment of the
cladding of FIG. 6, but this time with nuclear material 810,
including but not limited to nuclear fuel, 1n the hollow center
of the tube 800. The steel layer 804, again, may be any
thickness from a thin coating up to 50% of the thickness of
the vanadium layver 802; however, the primary structural
clement 1s the vanadium alloy layer 802.

In an alternative embodiment, the claddings shown 1n
FIGS. 5-8 may be provided with a third, intermediate layer
between the vanadium alloy structural layer and the steel
layer to further reduce 1nteraction between the steel and the
vanadium alloys. Embodiments of suitable intermediate
layers are described below with reference to FIGS. 9-12.
Three Layer Steel-Vanadium Claddings

In addition to the bi-metallic cladding embodiments,
tri-metallic versions of the above claddings may also be
useiul. Tri-metallic cladding embodiments involve provid-
ing an intermediate layer between the steel and vanadium
layers described above to reduce interaction between the
steel and the vanadium layers. These embodiments include
claddings 1n which the steel layer is the structural layer and
claddings 1n which the vanadium layer 1s vanadium alloy
and acts as the structural layer. In either embodiment, the
intermediate layer acts as a barrier to prevent interaction
between the steel and the vanadium. In the embodiments in
which the steel layer the structural element of the cladding,
any of the vanadium materials described herein are suitable
for the vanadium layer. In FIGS. 9-12, the tri-metallic
cladding embodiment having an intermediate layer with a
structural steel layer 1s specifically 1llustrated; however, the
description discusses multiple tri-metallic cladding embodi-
ments.

FIG. 9 illustrates a cut away view of a linear section of
another embodiment cladding, or wall element, having a
three-layer construction. As with the cladding embodiments
discussed above, the vanadium material used in the first
layer 902 1s again selected to reduce the effects of FCCI on
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both the properties of the first layer 902 and the fuel to be
used 1n the fuel element. The outer layer 904 1s steel, also as
described above.

In the cladding 900 1llustrated, the middle, or intermedi-
ate, layer 906 acts as a liner between the steel layer 904 and
the vanadium layer 902. In the embodiment shown, the steel
layer 904 1s the primary structural component of the fuel
cladding 900. In this embodiment the steel layer 904 i1s the
thickest layer 1n order to provide the structural support for
the cladding 900. The steel layer 904 may be 50% or more
of the total thickness of the cladding 900. For example,
embodiments of the steel layer 904 range from lower bounds
of 50, 60, 70, 75, 80, 90, 95, 99 or even 99.9% of the total
thickness of the cladding 900. The upper bound 1s limited to
some amount less than 100% in which the middle and
vanadium layers are suflicient to provide some protection
from FCCI. For example, upper bounds of from 73, 80, 90,
95, 99, 99.9 or even 99.999% of the total thickness of the
cladding 900 are contemplated. The balance of the thickness
1s made up by the other two layers. Thus, in a broad
embodiment, the cladding may be considered a thick, steel
layer facing the coolant, a thin, fuel-side vanadium alloy or
carbon-doped vanadium layer, and a thin, protective layer
between the two wherein by ‘thin’ 1t 1s meant no more than
10% of the total thickness of the cladding. For example,
specifically imn one embodiment the steel layer 904 of the
cladding 900 1s at least 99% of the total cladding thickness
with each of the middle layer 906 and vanadium alloy layer
902 bemng from 0.0001% to 0.9% of the total cladding
thickness.

The materials used 1n the first layer 902 may be any of
those vanadium materials described with reference to FIGS.
1-4 or vanadium alloys described with reference to FIGS.
5-8, above.

Likewise, the materials used in the outer steel layer 904
may be any of those steels described with reference to FIGS.
1-8, above. In one embodiment, for example, the steel 1s the
modified HT9 steel defined above.

The middle layer 906 1s made of a material that has less
chemical interaction with the vanadium layer 902 than the
steel 1n the steel layer 904 has with the vanadium alloy layer
902. In this way, the middle layer 906 acts as a protective
barrier between the fuel-side vanadium layer 902 and the
outside steel layer 904.

In an embodiment, the material of the middle layer 906 1s
selected from nickel, nickel alloy, chromium, chromium
alloy, zirconium or zirconium alloy. In nickel embodiments,
the material 1s substantially pure, that 1s, at least 99.9 wt. %
Ni; with the balance other elements, wherein the material
includes not greater than 0.05 wt. % of each of these other
elements, and wherein the total of these other elements does
not exceed 0.1 wt. %. In more pure embodiments, the total
of these other elements does not exceed 0.025; 0.01, or 0.005
wt. % of the matenial. In nickel alloy embodiments, the
material 1s at least 90.0 wt. % Ni; with the balance other
clements, wherein the material includes not greater than 5.0
wit. % ol each of these other elements, and wherein the total
of these other elements does not exceed 10.0 wt. %. In more
pure embodiments, the total of these other elements does not
exceed 2.5; 1, or 0.5 wt. % of the nickel alloy.

In chromium embodiments, the maternal 1s substantially
pure, that 1s, at least 99.9 wt. % Cr; with the balance other
clements, wherein the material includes not greater than 0.05
wt. % of each of these other elements, and wherein the total
of these other elements does not exceed 0.1 wt. %. In more
pure embodiments, the total of these other elements does not
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chromium alloy embodiments, the material 1s at least 90.0
wt. % Cr; with the balance other elements, wherein the
material includes not greater than 5.0 wt. % of each of these
other elements, and wherein the total of these other elements
does not exceed 10.0 wt. %. In more pure embodiments, the
total of these other elements does not exceed 5, 2.5; 1, or 0.5
wt. % of the chromium alloy.

In zircontum embodiments, the material 1s substantially
pure, that 1s, at least 99.9 wt. % Zr; with the balance other
clements, wherein the material includes not greater than 0.05
wt. % of each of these other elements, and wherein the total
ol these other elements does not exceed 0.1 wt. %. In more
pure embodiments, the total of these other elements does not
exceed 0.025; 0.01, or 0.005 wt. % of the material. In
zircomum alloy embodiments, the material 1s at least 90.0
wt. % Zr; with the balance other elements, wherein the
material mncludes not greater than 5.0 wt. % of each of these
other elements, and wherein the total of these other elements
does not exceed 10.0 wt. %. In more pure embodiments, the
total of these other elements does not exceed 5, 2.5; 1, or 0.5
wt. % of the zirconium alloy.

In the embodiment shown, the steel layer i1s structural
support for the cladding, having thicknesses as described
above with reference to FIGS. 1-4, and the middle layer 906
and vanadium layer 902 are the thinner layers of the clad-
ding. In an embodiment not shown, the vanadium layer 902
1s the thicker, structural layer, having thicknesses as
described with reference FIGS. 5-8, and the middle layer
906 and steel layer 904 are the thinner layers of the cladding.
As with FIGS. 1-8, however, the steel layer 904 1s the outer
layer and the vanadium layer 902 is the 1mner layer.

FIG. 10 1llustrates a tubular embodiment of the cladding
of FIG. 9. In the embodiment shown, the wall element 1000
1s 1 the form of a tube with an interior surface and an
exterior surface, the first layer 1002 of vanadium alloy
forming the interior surface of the tube and the second layer
1004 of steel forming the exterior surface of the tube, the
first and second layers being separated by the middle layer
1006. The fuel storage region 1s 1n the center region of the
tube. Fuel within the tube 1s thus protected from the reactive
external environment at the same time the steel layer 1004
1s separated from the fuel. Again, the general term wall
clement 1s used herein to acknowledge that a tube, vessel or
other shape of container may have multiple different walls or
sections of a wall of the cladding 900 as 1llustrated 1n FIG.
9.

FIG. 11 1llustrates the wall element of FIG. 9, but this time
with nuclear material 1110, including but not limited to
nuclear fuel, in contact with the vanadium layer 1102 of the
wall element 1100. The vanadium layer 1102 1s separated
from the steel layer 1104 by the middle layer 1106.

FI1G. 12, likewise, 1llustrates a tubular embodiment of the
cladding of FIG. 9, but this time with nuclear material 1210,
including but not limited to nuclear fuel, 1n the hollow center
of the tube 1200. Again, the vanadium layer 1202 1s sepa-
rated from the steel layer 1204 by the middle layer 1206.

The three layer steel-vanadium claddings have the ben-
efits of (a) having a steel outer layer to protect the fuel
clement from exposure to the reactive coolant environment;
and (b) the reduced FCCI due to the fuel side vanadium alloy
layer. The main structural element may be either of the steel
or vanadium layers.

FIG. 13 illustrates a method of manufacturing a two or
three layer wall element for separating a nuclear material
from an external environment, such as those described
above. The method 1300 includes manufacturing a first
layer, the first layer including at least a steel layer 1n a first




US 10,311,981 B2

11

layer manufacturing operation 1302. The first layer 1s then
connected to the second layer that includes at least a layer of
vanadium alloy, in a layer connection operation 1304.

In an embodiment of the layer connection operation 1304,
the vanadium layer 1s manufactured prior to connecting the
second layer to the first layer. In an alternative embodiment
of the layer connection operation 1304, the second layer 1s
created by depositing it onto the first layer.

In an embodiment of the layer connection operation 1304,
the second layer consists only of the vanadium alloy layer
and includes connecting the steel layer directly to the
vanadium alloy layer.

In an embodiment of the first layer construction operation
1302, manufacturing the first layer includes manufacturing
a first layer consisting of the steel layer connected to a third
layer made of nickel, nickel alloy, chromium, chromium
alloy, zircontum or zirconium alloy and the layer connection
operation 1304 includes connecting the first layer to the
second layer so that the third layer 1s between the steel layer
and the vanadium alloy layer.

In an alternative embodiment, in which the second layer
consists of the vanadium alloy layer connected to the third
layer of nickel, nickel alloy, chromium, chromium alloy,
zirconium or zirconium alloy, the layer connection operation
1304 1includes connecting the first layer to the second layer
so that the third layer 1s between the steel layer and the
vanadium alloy layer.

Fuel Elements and Fuel Assemblies

FIG. 14a provides a partial 1llustration of a nuclear fuel
assembly 10 utilizing one or more of the claddings described
above. The fuel assembly 10, as shown, includes a number
of individual tuel elements (or “tuel rods™ or “fuel pins™) 11
held within a containment structure 16. FI1G. 145 provides a
partial 1llustration of a fuel element 11 1n accordance with
one embodiment. As shown in this embodiment, the fuel
clement includes a cladding 13, a fuel 14, and, 1n some
instances, at least one gap 15. Although illustrated as a single
clement, the cladding 13 1s composed of, entirely or at least
in part, of the two layer or three layer claddings described
above.

A Tuel 1s sealed within a cavity created by the exterior
cladding 13. In some 1nstances, the multiple fuel matenals
may be stacked axially as shown 1n FIG. 145, but this need
not be the case. For example, a fuel element may contain
only one fuel material. In one embodiment, gap(s) 15 may
be present between the fuel material and the cladding,
though gap(s) need not be present. In one embodiment, the
gap 1s filled with a pressurized atmosphere, such as a
pressured helium atmosphere.

In one embodiment, individual fuel elements 11 may have
a thin wire 12 from about 0.8 mm diameter to about 1.6 mm
diameter helically wrapped around the circumierence of the
clad tubing to provide coolant space and mechanical sepa-
ration of individual fuel elements 11 within the housing of
the fuel assemblies 10 (that also serve as the coolant duct).
In one embodiment, the cladding 13, and/or wire wrap 12
may be fabricated from ferritic-martensitic steel because of
its 1rradiation performance as indicated by a body of empiri-
cal data.

The fuel element may have any geometry, both externally
and for the internal fuel storage region. For example, 1n
some embodiments shown above, the fuel element 1s cylin-
drical and may take the form of a cylindrical rod. In addition,
some prismatoid geometries for fuel elements may be par-
ticularly eflicient. For example, the fuel elements may be
right, oblique, or truncated prisms having three or more
sides and any polygonal shape for the base. Hexagonal
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prisms, rectangular prisms, square prisms and triangular
prisms are all potentially eflicient shapes for packing a fuel
assembly.

The tuel elements and fuel assembly may be a part of a
power generating reactor, which 1s a part of a nuclear power
plant. Heat generated by the nuclear reaction 1s used to heat
a coolant 1n contact with the exterior of the fuel elements.
This heat 1s then removed and used to drive turbines or other
equipment for the beneficial harvesting of power from the
removed heat.

EXAMPL

L1l

FIGS. 15A and 15B are micrographs of a trimetallic
cladding having an intermediate layer of N1 electroplated to
a first layer of vanadium doped with carbon on one side and
a second layer of HT9 steel on the other. FIG. 15B 1s an
enlargement of the area of the trimetallic cladding shown
within the dashed box i FIG. 15A. In the cladding, the
vanadium 1s doped with 0.2 wt. % C.

FIGS. 15C and 15D show the chemical composition
mapping for the trimetallic claddings of FIGS. 15A and 15B.
In FIGS. 15C and 15D the amount and distribution of Cr, Fe,

V, Ni, C and Mo through the region around the middle layer
are shown. This analysis shows that at least some vanadium
diffused into the muiddle layer, but little or no vanadium
made 1t into the HT9 laver.
Cladding and Fuel Element Manufacturing Methods
Mechanically bonding the cladding-barriers-fuel system
reduces the thermal resistance between the fuel and the
cladding. This allows for traditional bonding materials to be
omitted, such as liquid sodium. In an alternative embodi-
ment, a metallurgical bond between layers of the BEC or
fuel element may be formed, such as by pressing (e.g., hot,
1sostatic pressing), 1n order to eliminate the gaps between the
tuel, barners, and cladding that cause thermal resistance.
The following discussion recognizes that adjacent layers
of a cladding may be connected by a mechanical bond, a
metallurgical bond, or a diffusion bond. Mechanically
bonded layers refer to layers in which the opposing surfaces
are 1n physical contact. Parts connected by an interference {it
are an example of mechanical bonded layers. While
mechanically bonded layers may have some gaps and may
not be perfect contact along the entire interface, the close
proximity and physical contact allows for good thermal
energy transier between the layers. This can be used to
remove the need for some sort of thermal transfer material
between the layers. Metallurgically bonded layers have been
turther treated or otherwise processed to create a physical
interface between the atoms on the surface of the two layers
that 1s completely or substantially free of gaps, resulting in
a discrete interface between the layers. Metallurgical bonds
have better thermal energy transfer than mechanical bonds
due to the better contact, but still maintain a discrete
interface in that there 1s substantially no interdiffusion of
maternial between the layers. Interfaces created by hot 1so-
static pressing or vapor deposition are examples of layers
connected by a metallurgical bond. Finally, layers may be
diffusion bonded 1n which matenals of the two layers are
deliberately mtermixed to create a zone of diflusion at the
interface. In diffusion bonding, there 1s no clear interface
between the two layers, but rather a zone in which the
material gradually transitions from that of one layer into that
of the other layer. Diflusion bonding changes the material
properties within the zone of diffusion while mechanical and
metallurgical bonds, on the other hand, do not substantially




US 10,311,981 B2

13

aflect the properties of either layer and maintain a discrete
interface between the two layers.

FIG. 16 illustrates at a high-level an embodiment of a
method for manufacturing the claddings described above.
(Given a selected set of materials and thicknesses for each of
the particular cladding layers, the method 1600 manufac-
tures a final lined cladding and, as a final step, creates a fuel
clement by putting nuclear material in the lined cladding.

In the embodiment shown, the method 1600 starts with
the fabrication of the mitial component layer of the cladding,
in a manufacturing operation 1602. This may be any of the
layers previously discussed, 1.e., the steel layer, the carbon-
doped vanadium layer, structural vanadium alloy layer, or
the middle layer if a three-layer cladding i1s being con-
structed. This 1nitial component 1s fabricated in the manu-
facturing operation 1602 as a stand-alone component of a
desired shape to which the other layers may be later
attached.

For example, in an embodiment i which the outer
cladding layer 1s an HT9 steel, the manufacturing operation
1602 may include conventional forging of the HT9 steel and
drawing 1t 1nto a tube or sheet. Likewise, in an embodiment
in which the structural vanadium alloy 1s the 1nitial compo-
nent, manufacturing operation 1602 may include conven-
tional fabrication of vanadium alloy and drawing 1t ito a
tube or sheet to create the stand-alone component. Three-
dimensional printing may also be used to fabricate the mitial
component.

After the mitial component 1s manufactured, a second
layer attachment operation 1604 1s performing in which the
second layer 1s attached to the mmitial component. In the
attachment operation 1604, the first and second layers are
mechanically or metallurgically bonded at the interface of
the layers. For example, 1n a tubular embodiment the first
and second layers are mechanically or metallurgically
bonded together along the perimeter interface of the two
layers.

The attachment technique used will be informed by the
types ol materials being attached. Examples of attachment
techniques are discussed in greater detail below. The result
1s a two-layer intermediate component. For a two layer
cladding embodiment, the two-layer intermediate compo-
nent 1s eirther the finished cladding or a billet or other
intermediate form that can be worked in the desired final
form by the working operation 1608.

For a three layer cladding embodiment, the intermediate
component may be one of a) a steel layer and middle layer
intermediate, or b) a middle layer and fuel-side liner inter-
mediate. For example, given a desired end cladding of a
vanadium fuel-side liner, middle layer, and steel outer layer,
the intermediate component may be a vanadium layer/
middle layer mntermediate or a middle layer/outer steel layer
intermediate.

For manufacturing three layer embodiments of the clad-
ding, a third layer attachment operation 1606 1s then per-
formed to attach the third layer to the two layer intermediate
component. In the third layer attachment operation 1606, the
third layer 1s mechanically or metallurgically bonded to one
of the two layers of the two-layer intermediate component.
For example, in a tubular embodiment the second and third
layers are mechanically or metallurgically bonded together
along the perimeter interface of the two layers. This creates
the three layer mtermediate component which 1s either the
finished three layer cladding or a billet or other intermediate
form that can be worked in the desired final form by the
working operation 1608.
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As mentioned above, the working operation 1608 works
the cladding into the final form of the cladding (shape, size,
layer thicknesses, etc.). This may include any known or later
developed working techniques. For example, FIGS. 17-19
illustrate different specific embodiments of the working
operation 1608.

The fuel element 1s then completed in final assembly
operation 1610. In this operation the fuel 1s mserted and, 1f
necessary, the assembled fuel element 1s worked in the final
form. In an embodiment, this may include some {final
processing or bonding operations to complete the bonding of
the fuel to the cladding. For example, 1n an embodiment the
final assembly operation 1610 includes a process that pro-
vides a final metallurgical bond between one or more layers
that were previously mechanically bonded 1n an earlier
operation.

The final assembly operation 1610 may also include the
attachment of any external fittings needed for use. For
example, the final assembly operation 1610 may include
applying one or more end caps onto the fuel element. Any
additional hardware or components may also be provided as
part of this operation 1610.

Intermediate anneals may be performed under vacuum or
reducing conditions as desired as part of the any of the
operations of the method 1600. Final heat treatment includ-
ing normalization and tempering may also be performed as
desired.

As mentioned above, the iitial component may be fab-
ricated 1n the manufacturing operation 1602 in any conven-
tion fashion. The later attachment operations 1604, 1606,
1610 include any suitable technique for creating the respec-
tive layer of the selected material and attaching 1t to the
initial or mtermediate component. In an embodiment, the
cladding and barriers are each hermetic to prevent easy
migration of gaseous fission products, with no wall-through
defects or cracks created during manufacture. Furthermore,
the use of mechanical or metallurgical bonds between the
layers of the BEC results 1n good thermal conductivity
without the use of thermal bonding materials such as liquid
sodium. Examples of suitable techniques, depending on the
maternials 1n question, include separate, conventional fabri-
cation, for example, cold drawing or three-dimensional
printing, of the layer to be attached and simple mechanical
bonding such as by insertion, rolling, press fitting, swaging,
co-extrusion, or pilgering (cold or hot). Mechanical attach-
ment techniques may include elevated temperatures (e.g.,
hot pilgering or hot 1sostatic press) to assist 1n the creation
of a good attachment between the layers and layers without
any cracks or other deformities.

In some cases, using diflerences in thermal expansion
during construction of the fuel element may be possible as
part of the final attachment operation 1608. In this way, inner
layer(s) and or fuel may be ‘slid’ into the cladding and reach
a desired state once predetermined thermal conditions are
met, such as steady state reactor operating temperature,
refueling temperature, or the temperature at which the fuel
1s shipped after manufacturing. Thus, although the embodi-
ments shown 1 FIGS. 1-4 and 9-12 illustrate the various
layers as entirely bonded together along their surfaces of
contact, at different points during the manufacturing process

this may not be the case, especially when the layers are
mechanically bonded together. In addition, although 1deal,
such a perfect bonding at all points along interfacing sur-
faces may not be achievable in reality.
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Additionally, the barriers may be created and attached by
depositing the layer’s material onto the target component.
This may be achieved by, for example, electroplating;
chemical vapor deposition (CVD) specifically, by organo-
metallic chemical vapor deposition (OMCVD); or physical
vapor deposition (PVD) specifically, thermal evaporation,
sputtering, pulsed laser deposition (PLD), cathodic arc, and
clectrospark deposition (ESD). Each of these attachment
techniques are known 1n the art.

In some embodiments the nuclear material need not be
attached to the fuel-side barrier, but rather can just be
contained within a container formed, at least 1n part, by one
or more of the cladding embodiments described above. For
example, pelletized nuclear fuel may simply be loaded into
a cladding 1n the form of a closed tube or a vessel of some
other shape.

Alternatively, metallurgical bonds between one or more
layers may be created as part of the method 1600, for
example by hot pressing (e.g., hot 1sostatic pressing). For
example, 1n an embodiment a three-layer intermediate com-
ponent consisting of a tubular billet of H19 or other steel
layer, a middle layer and a vanadium layer having a center
void may be created by either mechanical attachment of
separate tubes of material, deposition of materials onto the
steel layer, or a combination of both (e.g., deposition of the
middle layer onto either a fabricated steel billet or vanadium
billet and then assembly of the billets with the middle
between the steel and vanadium lavers). The rough inter-
mediate form of the cladding may then be hot pressed using
constant pressure (hot 1sostatic pressing) to create a metal-
lurgical bond between the layers of the intermediate. The
intermediate component may then be extruded or pilgered
(or a combination of both), followed by cold-rolling or
cold-drawing into final shape.

For example, a BEC may be manufactured in this way by
assembling a tube of cladding material, cladding-side barrier
material and fuel-side barrier material and then hot pressing,
them, followed by an extrusion and cold-rolling or -drawing,
into the final form factor for the BEC. In an alternative
metallurgical bond embodiment, an intermediate component
may be extruded or pilgered (or a combination of both) first
and then hot pressed to provide the metallurgical bond. The
intermediate may then be processed 1nto a final from factor
or the form factor needed for subsequent processing steps.

FIG. 17 illustrates an embodiment of the working opera-
tion 1608 of FIG. 16. In this embodiment 1700, the two or
three layers of a cladding are assembled and then metallur-
gically bonded 1n a metallurgical bonding operation 1702.
This may include hot 1sostatic pressing of a tubular or sheet
billet of layers. Following the metallurgical bonding, the
billet 1s then hot extruded 1n an extrusion operation 1704 and
subsequently cold-rolled or -drawn 1n a cold working opera-
tion 1706.

FIG. 18 illustrates an alternative embodiment of the
working operation 1608 of FIG. 16. In this embodiment
1800, the order of the metallurgical bonding operation 1804
and extrusion operation 1802 are reversed relative to the
embodiment shown 1n FIG. 17, although the method 1800
ends with a final cold-working operation 1806 the same as
shown 1n FIG. 17.

FI1G. 19 1llustrates yet another alternative embodiment of
the working operation 1608 of FIG. 16. In this embodiment,
the method 1900 starts with the metallurgical bonding
operation 1902. After the bonding, the intermediate compo-
nent 1s then pilgered at room temperature in a pilgering
operation 1904. The method 1900 ends with a final cold-

working operation 1906 the same as shown i FIG. 17.
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Notwithstanding the appended claims, the disclosure 1s
also defined by the following clauses:

1. A wall element consisting of:

a first layer of steel;

a second layer of at least 90% vanadium; and

a third layer of nickel, nickel alloy, chromium, chromium
alloy, zirconium or zircontum alloy between the first layer
and the second layer.

2. The wall element of clause 1, wherein the second layer

has a thickness that 1s from 0.1% to 50% of the thickness of
the first layer and the third layer has a thickness that 1s from

0.1% to 50% of the thickness of the first layer.
3. The wall element of clause 1, wherein the second layer
has a thickness that 1s from 1% to 5% of the thickness of the

first layer and the third layer has a thickness that 1s from 1%
to 5% of the thickness of the first layer.

4. The wall element of clauses 1-3, wherein the second
layer 1s selected from the vanadium alloys V-20T1, V-10Cr-
ST1, V-15Cr-5T1, V-4Cr-4T1, V-4Cr-4T1 NIFS Heats 1& 2,
V-4Cr-4T1 US Heats 832665 & 8923864, and V-4Cr-47T1

Heat CEA-JI57.

5. The wall element of clause 4, wherein the second layer
1s V-4Cr-47T1.

6. The wall element of clause 4, wherein the second layer
consists of:

3.0-5.0 wt. % Cr;

3.0-5.0 wt. % T1; and

no more than 0.02 wt. % C;

with the balance being V and other elements, wherein the
vanadium alloy 1ncludes not greater than 0.1 wt. % of each
of these other elements, and wherein the total of these other
clements does not exceed 0.5 wt. %.

7. The wall element of clause 5, wherein the second layer
consists of:

3.5-4.5 wt. % Cr;
3.5-4.5 wt. % Ti;
0.04-0.1 wt. % Si;

up to 0.02 wt. % O;
up to 0.02 wt. % N;
up to 0.02 wt. % C;
up to 0.02 wt. % Al;
up to 0.02 wt. % Fe;
up to 0.001 wt. % Cu;
up to 0.001 wt. % Mo;
up to 0.001 wt. % Nb;
up to 0.001 wt. % P;

up to 0.001 wt. % S; and

no more than 0.0002 wt. % ClI;

with the balance being V and other elements, wherein the
vanadium alloy includes not greater than 0.001 wt. % of
each of these other elements, and wherein the total of these
other elements does not exceed 0.01 wt. %.

8. The wall element of clauses 1-4, wherein the second
layer consists of:

0.001-0.5 wt. % C;

the balance being V and other elements, wherein the
second layer includes not greater than 0.1 wt. % of each of
these other elements, and wherein the total of these other
clements does not exceed 0.5 wt. %.

9. The wall element of clause 8, wherein the second layer
includes from 0.1 to 0.3 wt. % C m addition to V.

10. The wall element of any of clauses 1-9, wherein the
steel of the first layer 1s selected from a tempered martensitic

steel, a ferritic steel, an austenitic steel, an oxide-dispersion
strengthened steel, T91 steel, T92 steel, H19 steel, 316 steel,
and 304 steel.
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11. The wall element of any of clauses 1-10, wherein the
steel of the first layer consists of:

9.0-12.0 wt. % Cr;
0.001-2.5 wt. % W,
0.001-2.0 wt. % Mo;
0.001-0.5 wt. % Si;
up to 0.5 wt. % Ti;
up to 0.5 wt. % Zr;
up to 0.5 wt. % V,;
up to 0.5 wt. % Nb;
% a;
% N;
up to 0.3 wt. % C;

up to 0.01 wt. % B;

the balance being Fe and other elements, wherein the steel
includes not greater than 0.15 wt. % of each of these other
elements, and wherein the total of these other elements does
not exceed 0.35 wt. %.

12. The wall element of any of clauses 1-11, wherein the
steel includes one or more of carbide precipitates of Ti, Zr,
V, Nb, Ta or B, nitride precipitates of Ti1, Zr, V, Nb, or Ta,
and/or carbo-nitride precipitates of Ti1, Zr, V, Nb, or Ta.

13. The wall element of any of clauses 5-7, wherein the
vanadium alloy 1ncludes one or more carbide precipitates of
Cr, T1 and/or other elements.

14. The wall element of any of clauses 1-13, wherein the
first layer 1s at least 99% of the total thickness of the wall
clement and wherein with each of the third layer and second
layer being from 0.0001% to 0.5% of the thickness of the

first layer.

up to 0.3 wt.
up to 0.1 wt.

15. The wall element of any of clauses 1-14, wherein the
wall element 1s 1n the form of a tube with an interior surface
and an exterior surface, the first layer forming the interior
surface of the tube and the second layer forming the exterior
surtace of the tube.

16. The wall element of any of clauses 1-15, wherein the
third layer consists of:

at least 99.9 wt. % Ni;

with the balance other elements, wherein the material
includes not greater than 0.05 wt. % of each of these other
elements, and wherein the total of these other elements does
not exceed 0.1 wt. %.

17. The wall element of any of clauses 1-15, wherein the
third layer consists of:

at least 90.0 wt. % Nu;

with the balance other elements, wherein the material
includes not greater than 1.0 wt. % of each of these other
elements, and wherein the total of these other elements does
not exceed 5.0 wt. %.

18. The wall element of any of clauses 1-15, wherein the
third layer consists of:

at least 99.9 wt. % Cr;

with the balance other elements, wherein the material
includes not greater than 0.05 wt. % of each of these other
elements, and wherein the total of these other elements does
not exceed 0.1 wt. %.

19. The wall element of any of clauses 1-15, wherein the
third layer consists of:

at least 90.0 wt. % Cr;

with the balance other elements, wherein the material
includes not greater than 1.0 wt. % of each of these other
elements, and wherein the total of these other elements does
not exceed 5.0 wt. %.
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20. The wall element of any of clauses 1-15, wherein the
third layer consists of:

at least 99.9 wt. % Zr:

with the balance other elements, wherein the material
includes not greater than 0.05 wt. % of each of these other
elements, and wherein the total of these other elements does
not exceed 0.1 wt. %.

21. The wall element of any of clauses 1-15, wherein the
third layer consists of:

at least 90.0 wt. % Zr:

with the balance other elements, wherein the material
includes not greater than 1.0 wt. % of each of these other
elements, and wherein the total of these other elements does
not exceed 5.0 wt. %.

22. A container made, at least 1n part, {from wall elements
of any of clauses 1-21.

23. A container for holding a nuclear fuel comprising:

at least one wall element separating a fuel storage volume
from an external environment;

the wall element having a first layer of steel separated
from a second layer of at least 90% vanadium by a third
layer between the first layer and the second layer;

the first layer of the wall contacting the external environ-
ment and the second layer contacting and the fuel storage
volume; and

wherein the third layer consists of nickel, nickel alloy,
chromium, chromium alloy, zirconium or zirconium alloy.

24. The container of clause 23, wherein the container has
a shape that 1s defined by one or more continuously con-
nected wall elements to form a vessel.

25. The container of clause 23, wherein the container 1s
shaped as a cylindrical tube, at least one wall element
forming a cylindrical wall of the tube and the fuel storage
region being the inside of the tube.

26. The container of any of clauses 23-25, wherein the
container includes a bottom wall and one or more sidewalls
and at least one wall element forms a bottom wall or
sidewall of the container.

2’7. An article, comprising;

an amount of nuclear material;

a wall element disposed exterior to the nuclear fuel and
separating at least some of the nuclear material from an
exterior environment, the wall element consisting of:

a first layer of steel in contact with the external environ-

ment; and

a second layer of at least 90% vanadium 1n contact with

the nuclear material; and

a third layer between the first layer and the second layer,

the first layer of nickel inhibiting the transfer of carbon
from the steel into the vanadium alloy;

wherein the third layer consists of nickel, nickel alloy,
chromium, chromium alloy, zirconium or zircomum alloy.

28. The article of clause 27, wherein the nuclear material
includes at least one of U, Th, Am, Np, and Pu.

29. The article of clause 27 or 28, wherein the nuclear
material includes at least one refractory material chosen
from Nb, Mo, Ta, W, Re, Zr, V, T1, Cr, Ru, Rh, Os, Ir, Nd,
and Hf.

30. The article of any of clauses 27-29, wherein the first
layer includes a steel, substantially all of which has at least
one phase chosen from a tempered martensite phase, a ferrite
phase, and an austenitic phase.

31. The article of any of clauses 27-30, wherein the
cladding layer includes at least one steel chosen from a
martensitic steel, a ferritic steel, an austenitic steel, an
oxide-dispersed steel, T91 steel, 192 steel, HT9 steel, 346
steel, and 304 steel.




US 10,311,981 B2

19

32. The article of any of clauses 27-31, wherein the
nuclear fuel and the wall element are mechanically bonded.

33. The article of any of clauses 27-32, wheremn the
exterior environment includes molten sodium and the first
layer of steel prevents contact between the sodium and the
vanadium 1n the second layer.

34. The article of any of clauses 27-33, wherein the first
layer and the second layer are mechanically bonded to
opposite sides of the third layer.

35. The article of any of clauses 27-34, wheremn the
nuclear material includes at least 90 wt. % of U.

36. The article of any of clauses 27-35, wherein the
nuclear material 1s a nuclear fuel and the article 1s a nuclear
fuel element.

3’7. The article of any of clauses 27-36, wherein the third

layer consists of:
at least 99.9 wt. % Nu;

with the balance other elements, wherein the material
includes not greater than 0.05 wt. % of each of these other
elements, and wherein the total of these other elements does
not exceed 0.1 wt. %.

38. The article of any of clauses 27-36, wherein the third
layer consists of:

at least 90.0 wt. % Nu;
with the balance other elements, wherein the material

includes not greater than 5.0 wt. % of each of these other

elements, and wherein the total of these other elements does
not exceed 10.0 wt. %.

39. The article of any of clauses 27-36, wherein the third

layer consists of:
at least 99.9 wt. % Cr;

with the balance other elements, wherein the material
includes not greater than 0.05 wt. % of each of these other
elements, and wherein the total of these other elements does
not exceed 0.1 wt. %.

40. The article of any of clauses 27-36, wherein the third
layer consists of:

at least 90.0 wt. % Cr;

with the balance other elements, wherein the material
includes not greater than 5.0 wt. % of each of these other

elements, and wherein the total of these other elements does
not exceed 10.0 wt. %.

41. The w article of any of clauses 27-36, wherein the
second layer consists of:

0.001-0.5 wt. % C;

the balance being V and other elements, wherein the
second layer includes not greater than 0.1 wt. % of each of
these other elements, and wherein the total of these other
clements does not exceed 0.5 wt. %.

42. A wall element consisting of:

a first layer of steel;

a second layer of vanadium doped with at least 0.001 wt.
% carbon on the first layer of steel, the second layer having
no more than 0.5 wt. % of other elements besides V and C.

43. The wall element of clause 42 comprising:

a third layer between the first layer and the second layer,
the third layer being made of nickel, nickel alloy, chromium,
chromium alloy, zirconium or zirconium alloy.

44. The wall element of clause 42 or 43, wherein the
second layer consists of:

0.001-0.5 wt. % C;

the balance being V and other elements, wherein the
doped vanadium of the second layer includes not greater
than 0.1 wt. % of each of these other elements, and wherein
the total of these other elements does not exceed 0.5 wt. %.
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45. The wall element of any of clauses 42-44, wherein the
doped vanadium of the second layer includes from 0.1 to 0.3
wt. % C.

46. The wall element of any of clauses 42-45, wherein the
steel of the first layer 1s selected from a tempered martensitic

steel, a ferritic steel, an austenitic steel, an oxide-dispersion
strengthened steel, T91 steel, T92 steel, H19 steel, 316 steel,

and 304 steel.

4’7. The wall element of any of clauses 42-46, wherein the
steel of the first layer consists of:

9.0-12.0 wt. % Cr;

0.001-2.5 wt. % W;

0.001-2.0 wt. % Mo;

0.001-0.5 wt. % Si;

up to 0.5 wt. % T1;

up to 0.5 wt. % Zr;

up to 0.5 wt. % V;

up to 0.5 wt. % Nb;

up to 0.3 wt. % la;

up to 0.1 wt. % N;

up to 0.3 wt. % C;

up to 0.01 wt. % B;

the balance being Fe and other elements, wherein the steel
includes not greater than 0.15 wt. % of each of these other
elements, and wherein the total of these other elements does
not exceed 0.35 wt. %.

48. The wall element of any of clauses 42-477, wherein the
steel 1ncludes one or more of carbide precipitates of 11, Zr,
V, Nb, Ta or B, nitride precipitates of Ti, Zr, V, Nb, or Ta,
and/or carbo-nitride precipitates of Ti, Zr, V, Nb, or Ta
and/or wherein the vanadium alloy includes one or more
carbide precipitates of Cr, T1 and/or other elements.

49. The wall element of clause 42, wherein the second
layer has a thickness that 1s from 0.1% to 50% of the
thickness of the first layer.

50. The wall element of any of clauses 42-49, wherein the
second layer has a thickness that 1s from 1% to 5% of the
thickness of the first layer.

51. The wall element of any of clauses 42-50, wherein the
wall element 1s 1n the form of a tube with an interior surface
and an exterior surface, the first layer forming the interior
surface of the tube and the second layer forming the exterior
surface of the tube.

52. The wall element of clause 51 further comprising:

an amount of nuclear material within the tube.

53. The article of clause 52, wherein the nuclear material
includes one or more elements selected from U, Th, Am, Np,
and Pu.

54. The article of clause 52 or 53, wherein the nuclear
material includes at least one refractory material chosen
from Nb, Mo, Ta, W, Re, Zr, V, T1, Cr, Ru, Rh, Os, Ir, Nd,
and Hf.

55. A container for holding a nuclear fuel comprising:

at least one wall element separating a fuel storage region
from an external environment;

the wall element having a first layer of steel attached to a
second layer of vanadium doped with at least 0.001 wt. %
carbon and having no more than 0.5 wt. % of other elements.

the first layer of the wall contacting the external environ-
ment and the second layer contacting the fuel storage region.

56. The container of clause 55, wherein the container has
a shape that 1s defined by one or more continuously con-
nected wall elements to form a vessel.

57. The container of clauses 55 or 56, wherein the
container 1s shaped as a cylindrical tube, at least one wall
clement forming a cylindrical wall of the tube and the fuel
storage region being the inside of the tube.
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58. The container of any of clauses 55-57, wherein the
container includes a bottom wall and one or more sidewalls
and at least one wall element forms a bottom wall of the
container.

59. The container of any of clauses 55-38, wherein the
container includes a bottom wall and one or more sidewalls
and at least one wall element forms at least one of the one
or more sidewalls of the container.

60. A wall element consisting of:

a first layer of steel;

a second layer of vanadium alloy on the first layer of steel,
wherein the first layer of steel 1s from 0.1% to 50% of the
thickness of the second layer.

61. The wall element of clause 60 comprising:

a third layer between the first layer and the second layer,
the third layer being made of nickel, nickel alloy, chromium,
chromium alloy, zirconium or zircontum alloy.

62. The wall element of clauses 60 or 61, wherein the

—y &

second layer 1s selected from the vanadium alloys V-20T4i,
V-10Cr-5T1, V-13Cr-5T1, V-4Cr-4'11, V-4Cr-4T1 NIFS Heats
1& 2, V-4Cr-4T1 US Heats 8326635 & 8923864, and V-4Cr-
4'T1 Heat CEA-I57.

63. The wall element of clause 62, wherein the second
layer consists of:

3.0-5.0 wt. % Cir;

3.0-5.0 wt. % T1; and

no more than 0.02 wt. % C;

with the balance being V and other elements, wherein the
vanadium alloy includes not greater than 0.1 wt. % of each
of these other elements, and wherein the total of these other
clements does not exceed 0.5 wt. %.

64. The wall element of clause 62, wherein the second
layer consists of:

3.5-4.5 wt. % Cr;

3.5-4.5 wt. % Ti;

0.04-0.1 wt. % S1;

up to 0.02 wt. % O;

up to 0.02 wt. % N;

up to 0.02 wt. % C;

up to 0.02 wt. % Al;

up to 0.02 wt. % Fe;

up to 0.001 wt. % Cu;

up to 0.001 wt. % Mo;

up to 0.001 wt. % Nb;

up to 0.001 wt. % P;

up to 0.001 wt. % S; and

no more than 0.0002 wt. % ClI;

with the balance being V and other elements, wherein the
vanadium alloy includes not greater than 0.001 wt. % of
each of these other elements, and wherein the total of these
other elements does not exceed 0.01 wt. %.

65. The wall element of any of clauses 60-64, wherein the
steel of the first layer 1s selected from a tempered martensitic
steel, a ferritic steel, an austenitic steel, an oxide-dispersion
strengthened steel, T91 steel, T92 steel, HT9 steel, 316 steel,
and 304 steel.

66. The wall element of clauses 60-64, wherein the steel

of the first layer consists of:
9.0-12.0 wt. % Cr;

0.001-2.5 wt. % W,
0.001-2.0 wt. % Mo;
0.001-0.5 wt. % Sa;
up to 0.5 wt. % I1;
up to 0.5 wt. % Zr;
up to 0.5 wt. % V,;
up to 0.5 wt. % Nb;
up to 0.3 wt. % la;
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up to 0.1 wt. % N;

up to 0.3 wt. % C;

up to 0.01 wt. % B;

the balance being Fe and other elements, wherein the steel
includes not greater than 0.15 wt. % of each of these other
elements, and wherein the total of these other elements does
not exceed 0.35 wt. %.

6’7. The wall element of any of clauses 60-66, wherein the
steel includes one or more of carbide precipitates of Ti, Zr,
V, Nb, Ta or B, nitride precipitates of 11, Zr, V, Nb, or Ta,
and/or carbo-nitride precipitates of Ti, Zr, V, Nb, or Ta
and/or wherein the vanadium alloy includes one or more
carbide precipitates of Cr, T1 and/or other elements.

68. The wall element of any preceding clause, wherein the
first layer has a thickness that 1s from 1% to 3% of the
thickness of the second layer.

69. The wall element of any preceding clause, wherein the
wall element 1s 1n the form of a tube with an interior surface
and an exterior surface, the first layer forming the interior
surface of the tube and the second layer forming the exterior
surface of the tube.

70. A container for holding a nuclear fuel comprising;:

at least one wall element separating a fuel storage region
from an external environment:;

the wall element having a first layer of steel attached to a
second layer of vanadium alloy, wherein the first layer of
steel 1s from 0.1% to 50% of the thickness of the second
layer;

the first layer of the wall contacting the external environ-
ment and the second layer contacting the fuel storage region.

71. The container of clause 70, wherein the container has
a shape that 1s defined by one or more continuously con-
nected wall elements to form a vessel.

72. The container of clause 70 or 71, wherein the con-
tamner 1s shaped as a cylindrical tube, at least one wall
clement forming a cylindrical wall of the tube and the fuel
storage region being the inside of the tube.

73. The container of any of clauses 70-72, wherein the
container includes a bottom wall and one or more sidewalls
and at least one wall element forms a bottom wall of the
container.

74. The container of any of clauses 70-73, wherein the
container includes a bottom wall and one or more sidewalls
and at least one wall element forms at least one of the one
or more sidewalls of the container.

75. An article, comprising;

an amount of nuclear material;

a wall element disposed exterior to the nuclear fuel and
separating at least some of the nuclear material from an
exterior environment, the wall element consisting of:

a first layer of steel; and

a second layer of vanadium alloy between the first layer

and the nuclear material, wherein the first layer of steel
1s from 0.1% to 50% of the thickness of the second
layer and the first layer of steel separates the second
layer from the exterior environment.

76. The article of clause 75, wherein the nuclear material
includes at least one of U, Th, Am, Np, and Pu.

7’7. The article of clauses 75 or 76, wherein the first layer
includes at least one steel chosen from a martensitic steel, a

ferritic steel, an austenitic steel, an oxide-dispersed steel,

191 steel, T92 steel, HT9 steel, 316 steel, and 304 steel.
78. The article of any of clauses 753-77, wherein the
nuclear fuel and the wall element are mechanically bonded.
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79. The article of any of clauses 75-78, wherein the
exterior environment includes molten sodium and the first
layer of steel prevents contact between the sodium and the
vanadium alloy 1n the second layer.

80. The article of any of clauses 75-79, wherein the {irst
layer and the second layer are mechanically bonded.

81. The article of any of clauses 75-80, wherein the
nuclear material includes at least 90 wt. % of U.

82. The article of any of clauses 75-81, wherein the
nuclear maternial 1s nuclear fuel and the article 1s a nuclear
tuel element.

83. A power-generating reactor including the article of
any of clauses 27-41 and 75-82.

84. A method of manufacturing a wall element for sepa-
rating a nuclear material from an external environment, the
method comprising:

manufacturing a first layer, the first layer including at least
a steel layer; and

connecting the first layer to a second layer, the second
layer including at least a vanadium alloy layer.

85. The method of clause 84 further comprising:

manufacturing the second layer prior to connecting the
second layer to the first layer.

86. The method of clauses 84 or 85, wherein connecting
turther comprises:

connecting the steel layer to the vanadium alloy layer.

87. The method of any of clauses 84-86, wherein manu-
facturing the first layer includes manufacturing a first layer
consisting of the steel layer connected to a chromium layer
and connecting includes connecting the first layer to the
second layer so that the chromium layer 1s between the steel
layer and the vanadium alloy layer.

88. The method of any of clauses 84-87, wherein the
second layer consists of the vanadium alloy layer connected
to the chromium layer and connecting includes the first layer
to the second layer so that the chromium layer 1s between the
steel layer and the vanadium alloy layer.

89. A steel-middle layer-vanadium cladding manufactur-
ing method comprising:

fabricating a steel tube;

fabricating a vanadium tube of carbon-doped vanadium or
vanadium alloy;

depositing one of nickel, nickel alloy, chromium, chro-
mium alloy, zircommum or zirconium alloy one either the
inside of the steel tube or the outside of the vanadium tube;

inserting the vanadium tube into the steel tube thereby
creating a steel-middle layer-vanadium intermediate tube;

metallurgical bonding the steel-middle layer-vanadium
intermediate tube;:

pilgering or extruding the steel-middle layer-vanadium
intermediate tube; and

cold working the steel-middle layer-vanadium intermedi-
ate tube after the metallurgical bonding and pilgering or
extruding operations to obtain a steel-middle layer-vana-
dium cladding.

90. The steel-middle layer-vanadium cladding manutac-
turing method of clause 89, wherein the steel-middle layer-
vanadium cladding consists of:

an outer layer of steel;

a mner layer of at least 90% vanadium; and

a middle layer of nickel, mickel alloy, chromium, chro-
mium alloy, zirconium or zirconium alloy between the outer
layer and the nner layer.

91. The steel-middle layer-vanadium cladding manufac-
turing method of clause 89, wherein the metallurgical bond-
ing operation includes hot 1sostatic pressing of the steel-
middle layer-vanadium intermediate tube.
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92. The steel-middle layer-vanadium cladding manufac-
turing method of clause 89, wherein the metallurgical bond-
ing operation 1s performed after the pilgering or extruding
operation.

93. The steel-middle layer-vanadium cladding manufac-
turing method of clause 89, wherein the metallurgical bond-
ing operation 1s performed before the pilgering or extruding
operation.

94. The steel-middle layer-vanadium cladding manufac-
turing method of clause 89, wherein the depositing operation
includes depositing the nickel, nickel alloy, chromium, chro-
mium alloy, zirconium or zirconium alloy by organometallic
chemical vapor deposition (OMCVD); thermal evaporation,
sputtering, pulsed laser deposition (PLD), cathodic arc, or
clectrospark deposition (ESD).

95. The steel-middle layer-vanadium cladding manufac-
turing method of clause 90, wherein the inner layer has a
thickness that 1s from 0.1% to 50% of the thickness of the

steel layer and the middle layer has a thickness that 1s from
0.1% to 50% of the thickness of the first layer.

96. The steel-middle layer-vanadium cladding manufac-
turing method of clause 90, wherein the inner layer has a
thickness that 1s from 1% to 5% of the thickness of the steel
layer and the middle layer has a thickness that 1s from 1%
to 5% of the thickness of the first layer.

9’7. The steel-middle layer-vanadium cladding manufac-

turing method of clauses 90-96, wherein the inner layer 1s
selected from the vanadium alloys V-20T1, V-10Cr-571i,

V-15Cr-5T1, V-4Cr-4T1, V-4Cr-4T1 NIFS Heats 1 & 2,
V-4Cr-4T1 US Heats 832665 & 8923864, and V-4Cr-4Ti
Heat CEA-J57.

98. The steel-middle layer-vanadium cladding manufac-
turing method of clause 90, wherein the inner layer consists

of:

3.0-5.0 wt. % Cr;

3.0-5.0 wt. % T1; and

no more than 0.02 wt. % C;

with the balance being V and other elements, wherein the
vanadium alloy 1ncludes not greater than 0.1 wt. % of each
of these other elements, and wherein the total of these other
clements does not exceed 0.5 wt. %.

99. The steel-middle layer-vanadium cladding manufac-
turing method of clause 97, wherein the 1nner layer consists

of:

3.5-4.5 wt. % Cr;

3.5-4.5 wt. % i;

0.04-0.1 wt. % S1;

up to 0.02 wt. % O;

up to 0.02 wt. % N;

up to 0.02 wt. % C;

up to 0.02 wt. % Al;

up to 0.02 wt. % Le;

up to 0.001 wt. % Cu;

up to 0.001 wt. % Mo;

up to 0.001 wt. % Nb;

up to 0.001 wt. % P;

up to 0.001 wt. % S; and

no more than 0.0002 wt. % ClI;

with the balance being V and other elements, wherein the
vanadium alloy includes not greater than 0.001 wt. % of
each of these other elements, and wherein the total of these
other elements does not exceed 0.01 wt. %.

100. The steel-middle layer-vanadium cladding manufac-
turing method of any of clauses 90-96, wherein the inner

layer consists of:
0.001-0.5 wt. % C;

the balance being V and other elements, wherein the

second layer includes not greater than 0.1 wt. % of each of
these other elements, and wherein the total of these other
elements does not exceed 0.5 wt. %.
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101. The steel-middle layer-vanadium cladding manufac-
turing method of clause 96, wherein the inner layer includes

from 0.1 to 0.3 wt. % C 1n addition to V.

102. The steel-middle layer-vanadium cladding manufac-
turing method of any of clauses 89-101, wherein the steel of
the steel layer 1s selected from a tempered martensitic steel,
a ferritic steel, an austenitic steel, an oxide-dispersion
strengthened steel, T91 steel, T92 steel, HT9 steel, 316 steel,
and 304 steel.

103. The steel-middle layer-vanadium cladding manufac-
turing method of any of clauses 89-101, wherein the steel of
the first layer consists of:

9.0-12.0 wt. % Cr;

0.001-2.5 wt. % W;

0.001-2.0 wt. % Mo;

0.001-0.5 wt. % Si;

up to 0.5 wt. % I1;

up to 0.5 wt. % Zr;

up to 0.5 wt. % V;

up to 0.5 wt. % Nb;

up to 0.3 wt. % Ta;

up to 0.1 wt. % N;

up to 0.3 wt. % C;

up to 0.01 wt. % B;

the balance being Fe and other elements, wherein the steel
includes not greater than 0.15 wt. % of each of these other
elements, and wherein the total of these other elements does
not exceed 0.35 wt. %.

104. The steel-middle layer-vanadium cladding manufac-
turing method of any of clauses 89-99, wherein the steel
includes one or more of carbide precipitates of 11, Zr, V, Nb,
Ta or B, nitride precipitates of T1, Zr, V, Nb, or Ta, and/or
carbo-nitride precipitates of 11, Zr, V, Nb, or Ta.

105. The steel-middle layer-vanadium cladding manufac-
turing method of any of clauses 97-99, wherein the vana-
dium alloy includes one or more carbide precipitates of Cr,
T1 and/or other elements.

106. The steel-middle layer-vanadium cladding manufac-
turing method of any of clauses 89-94 and 97-1035, wherein
the steel layer 1s at least 99% of the total thickness of the
steel-middle layer-vanadium cladding and wherein with
cach of the middle layer and 1inner layer being from 0.0001%
to 0.5% of the thickness of the steel layer.

Notwithstanding that the numerical ranges and param-
cters setting forth the broad scope of the technology are
approximations, the numerical values set forth 1n the specific
examples are reported as precisely as possible. Any numeri-
cal values, however, inherently contain certain errors nec-
essarily resulting from the standard deviation found 1n their
respective testing measurements.

It will be clear that the systems and methods described
herein are well adapted to attain the ends and advantages
mentioned as well as those mnherent therein. Those skilled in
the art will recognize that the methods and systems within
this specification may be implemented in many manners and
as such are not to be limited by the foregoing exemplified
embodiments and examples. In this regard, any number of
the features of the different embodiments described herein
may be combined 1nto one single embodiment and alternate
embodiments having fewer than or more than all of the
teatures herein described are possible.

While various embodiments have been described for
purposes ol this disclosure, various changes and modifica-
tions may be made which are well within the scope con-
templated by the present disclosure. Numerous other
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changes may be made which will readily suggest themselves
to those skilled in the art and which are encompassed in the
spirit of the disclosure.

The mvention claimed 1s:

1. A steel-middle layer-vanadium cladding manufacturing
method comprising:

tabricating a steel tube;

tabricating a vanadium tube of carbon-doped vanadium or

vanadium alloy;

depositing one of nickel, nickel alloy, chromium, chro-

mium alloy, zircomum or zircomum alloy one either the

inside of the steel tube or the outside of the vanadium
tube;

inserting the vanadium tube into the steel tube thereby

creating a steel-middle layer-vanadium intermediate

tube;

metallurgical bonding the steel-middle layer-vanadium

intermediate tube;

pilgering or extruding the steel-middle layer-vanadium

intermediate tube; and

cold working the steel-middle layer-vanadium intermedi-

ate tube after the metallurgical bonding and pilgering or

extruding operations to obtain a steel-middle layer-
vanadium cladding;;

wherein the steel-middle layer-vanadium cladding con-

s1sts of:

an outer layer of steel;

a middle layer of nickel, nickel alloy, chromium, chro-
mium alloy, zircomum or zirconium alloy between
the outer layer and the inner layer; and

an inner layer consisting of:
0.1-0.3 wt. % C;
the balance being V and other elements, wherein the

second layer includes not greater than 0.1 wt. % of
each of these other elements, and wherein the total
of these other elements does not exceed 0.5 wt. %.

2. The steel-middle layer-vanadium cladding manufactur-
ing method of claim 1, wherein the metallurgical bonding
operation 1ncludes hot 1sostatic pressing of the steel-middle
layer-vanadium intermediate tube.

3. The steel-middle layer-vanadium cladding manufactur-
ing method of claim 1, wherein the metallurgical bonding
operation 1s performed after the pilgering or extruding
operation.

4. The steel-middle layer-vanadium cladding manufactur-
ing method of claim 1, wherein the metallurgical bonding
operation 1s performed before the pilgering or extruding
operation.

5. The steel-middle layer-vanadium cladding manufactur-
ing method of claam 1, wherein the depositing operation
includes depositing the nickel, nickel alloy, chromium, chro-
mium alloy, zirconium or zirconium alloy by organometallic
chemical vapor deposition (OMCVD); thermal evaporation,
sputtering, pulsed laser deposition (PLD), cathodic arc, or
clectrospark deposition (ESD).

6. The steel-middle layer-vanadium cladding manufactur-
ing method of claim 1, wherein the inner layer has a
thickness that 1s from 0.1% to 50% of the thickness of the
steel layer and the middle layer has a thickness that 1s from
0.1% to 50% of the thickness of the steel layer.

7. The steel-middle layer-vanadium cladding manufactur-
ing method of claim 1, wherein the mner layer has a
thickness that 1s from 1% to 5% of the thickness of the steel
layer and the middle layer has a thickness that 1s from 1%
to 5% of the thickness of the steel layer.

8. The steel-middle layer-vanadium cladding manufactur-
ing method of claim 1, wherein the steel of the steel layer 1s
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selected from a tempered martensitic steel, a ferritic steel, an
austenitic steel, an oxide-dispersion strengthened steel, T91
steel, T92 steel, HT9 steel, 316 steel, and 304 steel.

9. The steel-middle layer-vanadium cladding manufactur-
ing method of claim 1, wherein the steel of the steel layer
consists of:

9.0-12.0 wt. % Cr;

0.001-2.5 wt. % W;

0.001-2.0 wt. % Mo;

0.001-0.5 wt. % Si;

up to 0.5 wt. % I1;

up to 0.5 wt. % Zr;

up to 0.5 wt. % V;

up to 0.5 wt. % Nb;

up to 0.3 wt. % la;

up to 0.1 wt. % N;

up to 0.3 wt. % C;

up to 0.01 wt. % B;
the balance being Fe and other elements, wherein the steel
includes not greater than 0.15 wt. % of each of these
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other elements, and wherein the total of these other
elements does not exceed 0.35 wt. %.

10. The steel-middle layer-vanadium cladding manufac-
turing method of claim 1, wherein the steel includes one or
more of carbide precipitates of 11, Zr, V, Nb, Ta or B, nitride
precipitates of Ti, Zr, V, Nb, or Ta, and/or carbo-nitride
precipitates of 11, Zr, V, Nb, or Ta.

11. The steel-middle layer-vanadium cladding manufac-
turing method of claim 1, wherein the mner layer includes
one or more carbide precipitates of Cr, T1 and/or other
clements.

12. The steel-middle layer-vanadium cladding manufac-
turing method of claim 1, wherein the steel layer 1s at least
99% of the total thickness of the steel-middle layer-vana-
dium cladding and wherein with each of the middle layer
and 1nner layer being from 0.0001% to 0.5% of the thickness
of the steel layer.
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